The El Niño-La Niña asymmetry was estimated in the 10 different models participating in the Coupled Model Intercomparison Project (CMIP). Large differences in the "asymmetricity" (a variance-weighted skewness) of SST anomalies are found between models and observations. Most of the coupled models underestimate the nonlinearity and only a few exhibit the positively skewed SST anomalies over the tropical eastern Pacific as seen in the observation. A significant association between the nonlinear dynamical heating (NDH) and asymmetricity in the model-ENSO indices is found, inferring that asymmetricity is caused mainly by NDH. Among the 10 models, one coupled GCM simulates the asymmetricity of the tropical SST realistically, and its simulation manifests a strong relationship between the intensity and the propagating feature of ENSO-the strong ENSO events moving eastward and the weak ENSO events moving westward-which is consistent with the observation. Interestingly, the coupled general circulation models, of which the ocean model is based on the one used by Bryan and Cox, commonly showed the reasonably positive skewed ENSO.
Introduction
In the 1980s, the advent of simple and intermediate coupled models brought about a view that the El Niño-Southern Oscillation (ENSO) could be cyclic (McCreary 1983; Cane and Zebiak 1985; Battisti and Hirst 1989) , different from the earlier speculation that each ENSO could be an independent event (Bjerknes 1969; Wyrtki 1975 Wyrtki , 1985 . Since then, early "delayed oscillator" (Schopf and Suarez 1988; Battisti and Hirst 1989) , latter "recharge oscillator" (Jin 1996 (Jin , 1997 , "advectivereflective oscillator" (Picaut et al. 1997) , and "western Pacific oscillator" (Weisberg and Wang 1997 ) provided a comprehensive idea regarding this cyclic nature of ENSO [also see Wang (2001) for the summary of all ENSO conceptual models]. However, some observational studies have pointed out that while the termination of El Niños has occurred consistently with a strong canonical feature, their initiation is less obvious (Kessler and McPhaden 1995) . Furthermore, Thompson and Battisti (2000, 2001) showed that the basic features of ENSO could be reproduced from the linear model subjected to the stochastic forcing, meaning that the essential characteristics of ENSO appear to be governed by a linear process and the resultant ENSO must be sporadic. In other words, the climate study community is still struggling to get a consensus as to whether ENSO is a large-scale deterministic system with nonlinearity (Jin et al. 1994; Tziperman et al. 1994) or is a linear system subjected to stochastic forcing (Penland and Sardeshmukh 1995; Chang et al. 1996; Moore and Kleeman 1999; Thompson and Battisti 2000, 2001) . Nevertheless, recently Jin et al. (2003) and An and Jin (2004) have measured the observed ENSO nonlinearity not only via a statistical method (skewness) but also via a dynamical venue such as nonlinear dynamical heating (NDH), and pointed out that the ENSO has strong nonlinearity that causes the asymmetry between El Niño and La Niña. Actually, Thompson and Battisti (2001) failed to produce the asymmetry of ENSO from their model simulations because of the lack of the nonlinearity. Although it is still unclear whether ENSO is stable or unstable, the nonlinearity of ENSO yields intrinsic features that are beyond description by a linear dynamics subjected to the stochastic forcing.
Concurrent with the late 1970s climate shift, the general characteristics of ENSO changed (Wang 1995; An and Jin 2000; Fedorov and Philander 2000; An and Wang 2000; Wang and An 2001) . Moreover, the positive skewness of the ENSO index, indicating El Niño being stronger than La Niña, increased since the late 1970s (An 2004) . This asymmetry between El Niño and La Niña was also objectively identified by using the nonlinear principal component analysis (NLPCA), which detects a low-dimensional nonlinear structure in multivariate datasets (Hsieh 2001 (Hsieh , 2004 Wu and Hsieh 2003) . The nonlinear principal mode showed not only the asymmetry in amplitude but also the asymmetry in the corresponding spatial patterns of oceanic and atmospheric variables associated with El Niño and La Niña. Furthermore, An and Jin (2004) pointed out that the asymmetry of ENSO was due to the nonlinear dynamical thermal advections in the oceanic surface layer (i.e., NDH), which also increased after the late 1970s.
The evidence regarding the ENSO nonlinearity so far is mainly deduced from short observational records with limited statistics. Here we take an alternative approach: namely, the analysis of the coupled general circulation model (CGCM) outputs obtained from the Coupled Model Intercomparison Project (CMIP; see Table 1 ). The coupled ocean-atmosphere models, to some extent, can capture some aspects of the observed ENSO. Through this study, we will measure the nonlinearity of ENSO obtained from each CGCM and investigate the relationship between NDH and skewness of ENSO, to see whether our finding from the observation is also consistently shown in the coupled GCM model. The analysis of the nonlinearity of model ENSO provides another test for improving the model.
Nonlinearity of ENSO from CMIP
One measure for the ENSO nonlinearity is the skewness. The skewness by definition is a measure of the asymmetry of a probability distribution function and is zero for a normal distribution (White 1980) . Several observational studies pointed out that the ENSO index (i.e., Niño-1, -2, -3, -3.4) is distinguishable from a Gaussian distribution and the eastern Pacific SST anomalies are positively skewed (Trenberth 1997; Burgers and Stephenson 1999; Hannachi et al. 2003) , and the positive skewness is attributed to the nonlinearity (Jin et al. 2003; An and Jin 2004) . The moment coefficient of skewness is defined as the normalized third statistical moment (skewness ϭ m 3 /(m 2 ) 3/2 ). Thus, the small standard deviation can cause the large skewness. To avoid this, we examine "asymmetricity" rather than skewness, which is the variance-weighted skewness. Asymmetricity is defined as follows:
where m k is the kth moment,
and where x i is the ith observation, X is the mean, and N is the number of observations. The statistical significance can be estimated from the standard error (SE) of asymmetricity (SE ϭ m 2 ͌24/L is associated with the 95% confidence level) depending on the number of independent samples (L) in an analyzed variable (White 1980) . Here, the numbers of independent samples are determined by the Monte Carlo technique (Livezey and Chen 1983) . Figure 1 shows the root-mean-square (rms) and asymmetricity of SST anomalies over Niño-3 (5°S-5°N, 150°-90°W) and Niño-3.4 (5°S-5°N, 170°-120°W) regions obtained from CMIP and observations. The observed SST data are obtained from the National Centers for Environmental Prediction (NCEP), and its sample consists of monthly means from January 1950 to December 2002. The general information regarding each model output is summarized in Figure 2 shows the spatial distribution of the asymmetricity of SST anomalies obtained from each coupled model output. Again, the asymmetricity distribution of each model widely differs from one another. In the observation, a large positive asymmetricity with the maximum at the near east coast is observed in the eastern Pacific. The asymmetricity distribution appears to be directly related to the ENSO pattern, suggesting that the warm SST anomaly in the equatorial Pacific is stronger than the cold SST anomaly. The MRI2 model especially produced the asymmetricity pattern most similar to the observation among 10 CGCMs. The asymmetricity of the ENSO index obtained from GFDL has a similar value to that observed, but the positive asymmetricity is mainly confined between the date line and 120°W. In both CSIRO-Mk2 and CCCma-CGCM1, the asymmetricity is close to zero over the whole tropical Pacific. The CSM1.0 and the DOE-PCM show very weak positive asymmetricity over the western equatorial Pacific, and the HadCM2 show the negative asymmetricity in the tropical western Pacific and the positive asymmetricity in the tropical central Pacific. The strong negative asymmetricity over the equatorial Pacific is observed from the ECHO-g. The ECHAM4/OPYC3 shows a dipole structure of asymmetricity over the eastern Pacific.
Every CGCM shown in Fig. 2 underestimates the asymmetricity near the eastern boundary, and some models capture the large asymmetricity over the central Pacific. The weak asymmetricity near the eastern boundary may be related to the warm climatologicalmean SST bias in that region-possibly due to the weak coastal upwelling-which commonly appeared in most CGCMs (Mechoso et al. 1995; Latif et al. 2001) . The maximum positive SST anomaly that can occur during El Niño, can be theoretically identified as the difference between the climatological-mean SST and the theoretical upper limit of SST (the radiative-convective equilibrium temperature of about 30°C), the so-called maximum potential intensity (MPI; Jin et al. 2003; An and Jin 2004) . Because of the warm bias, the maximum positive SST anomaly in CGCM near the eastern boundary is much smaller than the observed, and thus the difference in the amplitude between El Niño and La Niña may not be much larger than observed. Therefore, the CGCM, which has the warm bias in near the eastern boundary, mostly produces the weak asymmetricity of SST.
The amplitude of ENSO would be normally distributed if the coupled ocean-atmosphere were a linear system forced by the weather noise (e.g., Thompson and Battisti 2000) . (There are two types of the stochastic forcing: one is additive and the other is multiplicative. Here, we specifically refer to the linear model with the additive stochastic forcing. When the multiplicative stochastic forcing is incorporated to the model, the model is no longer linear.) On the other hand, the amplitude of ENSO would be skewed either positively or negatively if the coupled ocean-atmosphere were a nonlinear system. (If a coupled model is nonlinearly formulated but its linear stability is in a stable regime, then the model cannot produce the asymmetry, because the nonlinearity cannot be operating under the subcritical regime. Thus, "a nonlinear system" here particularly indicates that the system is linearly unstable.) The ENSO during the pre-1980s seems to belong to the linear system, while that during the post-1980s belong to the nonlinear system, since the observed nonlinearities such as the skewness of SST and NDH have significantly increased during the post-1980s (Jin et al. 2003; An and Jin 2004; An et al. 2005) . In this sense, the CGCM simulating the skewed ENSO is expected to produce a large NDH. Here, we investigate the relationship between the NDH and the asymmetricity. The NDH is defined in the following SST equation for the heat budget of the ocean surface layer:
where T, u, , and w, are SST, zonal, meridional, and vertical velocities, respectively. The overbars and primes denote the climatological means and anomalies, respectively. Surface heat flux and subgrid-scale contributions (e.g., small oceanic diffusion, heat flux due to tropical instability wave, etc.) are attributed to the residual term R. The second bracketed term of Eq. (2) indicates NDH. To evaluate the role of NDH, we calculated the heat budget in the uppermost 50-m layer of the tropical Pacific. Here, we calculate the mean NDH and asymmetricity of SST anomaly over the Niño-3 and Niño-3.4 regions. The zonal and meridional currents, and temperature in the ocean subsurface for the calculation of NDH are only available for CSIRO Mk2, GFDL_R30, HadCM3, and MRI2; thus the five-model outputs and observation are utilized for this calculation. Figure 3 shows a relationship between NDH and asymmetricity. In general, the large asymmetricity corresponds to the large NDH, except in HadCM3. The large asymmetricity of HadCM3 may be attributed to other nonlinear processes such as other nonlinear atmospheric responses (see discussion in An and Jin 2004) . Figure 3 confirms that the asymmetry of ENSO is mainly due to the NDH. Note that the range of one standard devia- Fig. 3 implies that NDH is generally a positive value.
Propagation, intensity, and NDH
In the previous section, we found that among 10 CGCMs, the MRI2 coupled GCM best simulates the asymmetricity (and skewness) pattern of the observation. Here, we analyze the MRI2 outputs in detail to see whether the MRI2 outputs are consistent with the observation, especially regarding the NDH, intensity, and propagation. Figure 4 shows the time series of the SST anomaly and the NDH over 2°S-2°N and 170°-120°W obtained from the MRI2 simulation. It has many features similar to the observation. For example, the El Niño is stronger than La Niña, inferring the positive skewness; NDH is thoroughly positive, and the strong El Niño is accompanied by the strong NDH, while the NDH for the weak El Niño is small. It is also observed in Fig. 4 that the strong positive NDH appears not only during the warm phase but also during the cold phase, implying that the NDH amplifies the warming for the El Niño and dwarfs the cooling for the La Niña; thus, the El Niño is stronger than La Niña. Jin et al. (2003) and An and Jin (2004) showed that the amplitude of NDH is related to the direction of the movement of the ENSO: when it moves eastward, NDH becomes large; when it moves westward, NDH is small. This is because the anomalous current/upwelling and temperature gradient can be strongly correlated when the system associated with ENSO moves eastward. To see whether MRI2 shows a similar feature, we first draw the composite maps of SST anomalies, subsurface temperature anomalies, and NDH of six strong and nine weak El Niño events. The strong (weak) El Niño events are defined as the cases in which the Niño-3.4 SST is greater than 2.5°C (0.5°-1°C) during the boreal winter.
As shown in Fig. 5 , both equatorial SST and subsurface anomalies associated with the strong El Niño tend to propagate to the east, while those associated with the weak El Niño tend to move to the west. In addition, for the strong, eastward-moving El Niño, the subsurface temperature anomalies lead the SST anomalies by about 4-6 months, and thus the large phase difference (about a quarter cycle) between the surface temperature anomaly and subsurface temperature anomaly are maintained during the ENSO evolution. It causes the large vertical temperature gradient. As a result, NDH could be larger (especially due to ϪwЈT Ј z ). On the other hand, for the weak, westward-moving El Niño, the subsurface temperature anomalies are almost in phase with the SST anomalies, causing a small vertical temperature gradient, consequently a small NDH. The relationship between the propagating direction of the ENSO and the NDH is verified in both models and observations (see Figs. 8 and 9 of An and Jin 2004) . Note that the negative NDH during the developing phase of ENSO is due to the zonal advection of SST anomaly by the anomalous zonal current (ϪuЈT Ј x ). During the developing phase of El Niño, the anomalous zonal temperature gradient in the ocean surface layer is positive and the anomalous zonal current in the surface layer is positive; thus, the SST tendency due to the nonlinear zonal advection becomes negative. However, the nonlinear zonal advection obtained from the NCEP and Simple Ocean Data Assimilation (SODA) datasets was commonly positive because the anomalous zonal current in the surface layer is negative. In MRI2, the Ekman current that is directly driven by the surface wind may be stronger than the geostrophic current, and in the ocean assimilation data the opposite is true. Nevertheless, the total NDH in MRI2 is mainly determined by the nonlinear vertical advection (ϪwЈT Ј z ), and the net effect of NDH appearing in the MRI2 is similar to the observation.
Decadal changes in ENSO variability
Concurrent with the well-known late 1970s global climate shift, the observed ENSO nonlinearity, especially El Niño-La Niña asymmetry, has changed (Wu and Hsieh 2003; An and Jin 2004; An 2004; An et al. 2005) . As a possible origin for this change, the nonstationary nature of the climate state (An and Jin 2000; An and Wang 2000; Fedorov and Philander 2000; An and Jin 2004) and the intrinsic nonlinear process of ENSO (Timmermann 2002; Timmermann et al. 2003 ) have been proposed. Furthermore, several studies suggested that the climate state could even be altered by the ENSO nonlinear process (Jin et al. 2003; An and Jin 2004; Rodgers et al. 2004; An 2004) . Nevertheless, the relationship between the climate state and the nonlinearity is not fully investigated (some evidence can be found in Jin et al. 2003) . Here, we examine the decadal changes in the skewness of SST anomalies in the tropical Pacific and their relations to the climate state change that appeared in MRI2 and GFDL_R30. The reason to choose these two model results is that they both well simulate the nonlinearity of ENSO as discussed in the previous sections.
To examine the decadal change in the variability of ENSO, the running skewness and variance of SST anomalies, and NDH with the 10-yr window length are calculated. The time series of the running skewness and variance of SST anomalies and NDH from each model are obtained by averaging over the region where the utilized variable is the maximum shown in Fig. 2 [e. g., for the skewness and NDH GFDL (2°S-2°N, 170°E-100°W) and MRI2 (2°S-2°N, 150°-90°W), and for the variance GFDL (3°S-3°N, 160°E-140°W) and MRI2 (3°S-3°N, 180°-100°W )]. Figure 6 shows the time series of the area-averaged 10-yr running skewness and variance of SST anomalies and NDH. The strong decadal changes in the three variables are observed in both MRI2 and GFDL_R30. The decadal changes in skewness are characterized by the large amplitude of about 2.3 in MRI2 and about 4.5 in GFDL_R30. Comparison of the running skewness with the running variance yields the high correlation of 0.72 in MRI2 and 0.83 in GFDL_R30. As expected, the running NDH is also highly correlated to both the running skewness and variance. The correlation between the running skewness and NDH is 0.53 in MRI2 and 0.84 in GFDL_R30. These high correlations imply that the decadal period when the positively skewed ENSO events are dominant is associated with the positive NDH and the large amplitude of ENSO. This high correlation would be expected because the nonlinear instability generating a large skewness of ENSO is possible only when the amplitude of ENSO reaches a certain level. In other words, the nonlinear process starts working when the system is linearly unstable so that the amplitude becomes larger than that when it is in the stable regime. Figure 7 displays the correlation patterns of the 10-yr running SST anomalies and subsurface temperature anomalies at the equatorial section against the areaaveraged time series of the 10-yr running skewness (Fig. 6) . In both models, the 10-yr running mean of tropical eastern Pacific SST is correlated to the 10-yr running skewness of SST. This east-west contrast correlation pattern is not only pronounced in the surface (SST) but also in the subsurface (e.g., thermocline; Figs. 7c, d) . Similar findings but in the different models (ECHAM3/OPYC3 and ECHO-g) were also mentioned by and Rodgers et al. (2004) , respectively. They especially showed that the decadal variation of the leading EOF mode of the thermocline depth anomaly, which is characterized by the east-west contrast pattern, is highly correlated to the decadal change in the ENSO amplitude or the decadal change in the El Niño-La Niña asymmetry. Since each CGCM has its own characteristic, the EOF patterns of the thermocline obtained from each model are not identical. However, in general, the deepening of thermocline and the warming of SST in the eastern Pacific are associated with the larger skewness and variance (amplitude) of the eastern Pacific SST anomaly. This is also true as shown in our analysis. Associated with the running positive skewness and large variance, the equatorial eastern Pacific Ocean temperature between the surface and 150-m depth increases, while the equatorial western Pacific Ocean temperature decreases (Figs. 7c, d) , which is consistent with the findings from the other models. The possible mechanism to generate this high correlation shown in Fig. 7 is discussed in the following section.
Summary and discussion
In this study, we analyzed 10 CGCM results participating in CMIP to investigate the nonlinearity of ENSO. Large differences in the asymmetricity (the variance-weighted skewness) were found between models and observation. CCCma-CGCM2, CSIROMk2, CSM1.0, DOE-PCM, and HadCM2 produced low asymmetricity, indicating the underestimation of the nonlinearity, while ECHAM4/OPY3 (only east of 120°W), MRI2, GFDL_R30, and HadCM3 produced a significant positive asymmetricity. A linear relationship between the asymmetricity and NDH from the independent model outputs was observed, suggesting that the NDH causes the asymmetry of ENSO in most cases. In particular, MRI2, of which ENSO nonlinearity is most similar to that observed, verified that the strong (weak) ENSO events are accompanied by the strong (weak) NDH and they tend to propagate (westward) eastward as seen in the observation.
The differences of the CGCMs in the ENSO nonlinearity are somehow related to the differences in their ocean component. For example, ECHO-g and ECHAM4/OPY3, which show negatively skewed SST in the central Pacific, both use isopycnal levels as a vertical coordinate while the other models use the Z coordinate. In addition, MRI2, GFDL, and HadCM3, which produced more or less reasonable positively skewed ENSO, were developed from the similar ocean model based on Bryan and Cox (1972) . Thus, it may imply that the ocean dynamical process is an important factor in determining the nonlinearity of ENSO. Further experiments for this idea need to be pursued.
The significant decadal changes in the skewness and variance of the model-simulated ENSO and NDH were observed as described in section 4, and it is also found that these changes are highly correlated to the decadal variation in the tropical SST. As mentioned by , this strong association may have three reasons: 1) a decadal mode causes decadal variations in ENSO variability (i.e., skewness and variance); 2) both decadal ENSO variability and the decadal changes of the background state are generated by one process; and 3) the decadal change in the El Niño-La Niña asymmetry manifests itself as a rectified change in the background state. Among these three reasons, the least possible is 1), because Fig. 7 , as well as and Rodgers et al. (2004) showed that the large positive running skewness and variance of SST are associated with the warming in the eastern Pacific and cooling in the western Pacific. This east-west heat contrast pattern is associated with the reduction of the zonal temperature gradient, and the weakening of trade wind, and it also indicates the decrease of vertical temperature gradients in the eastern Pacific. These changes are directly linked to the reduction of the linear instability, obviously resulting in the decrease of the amplitude of ENSO. Thus, if 1) were true, the correlation between the running skewness and variance of SST and the decadal change in the background state of SST would be negative. Thus, although the decadal changes in the high-latitude climate may influence the tropical climate via the oceanic or atmospheric loops (Gu and Philander 1997; Kleeman et al. 1999; Barnett et al. 1999; Pierce et al. 2000; Liu and Yang 2003) , it is unclear whether this external decadal influence can synchronize with the decadal change in ENSO variability in the manner that is shown here. On the other hand, 2) and 3) are the strongest possibilities. Regarding 2), showed that the coupled nonlinear dynamics (the so-called homoclinic ENSO dynamics) FIG. 7 . Correlation map of (a) the 10-yr running mean SST anomaly and (c) ocean temperature at the equatorial section (2°S-2°N) against the time series of the area-averaged 10-yr running skewness shown in could describe both the decadal changes of ENSO variance and the existence of a decadal tropical mode as one dynamical structure, in which the decadal changes in the background state are induced by the nonlinear rectification. In this sense, 2) partly includes 3). Regarding 3), the NDH causes the asymmetry of ENSO, and the long-term accumulated NDH is directly incorporated into the background climate state (Jin et al. 2003) . Furthermore, in the observation, the decadal change in the skewness of SSTA in the tropical eastern Pacific was found to be positively correlated to decadal SST variations in the tropical eastern Pacific, again suggesting a nonlinear positive feedback between ENSO variability and mean climate change (An 2004) . However, it is unclear what determines the time scale of this mean-variability feedback and what physical process plays the role of switching the sign of the long-term equatorial Pacific SST skewness. Thus, in order to fully understand the underlying mechanism, further studies need to be pursued.
